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Rigid ryegrassand wild radish dominate and coexist throughout southern Australian
dryland cropping regions. Widespread herbicide resistance in these species has led
to adoption of diverse and complex integrated weed management practices, which
require evaluation of their impact on farming systems. Therefore, a multispecies
version of the bioeconomic model resistance and integrated management (RIM) has
been developed to compare long-term economic and weed population outcomes of
various integrated management scenarios. We have extended the original single-species ryegrassRIM model to include wild radish biology and additional weed management practices used to control this species. The multispecies model can be used
to evaluate weed management scenarios for coexisting herbicide-resistantspecies by
investigating the implications of different crop-pasture rotational sequences and of
varying herbicide availability. Multispecies RIM shows that economic differences
between the scenarios are not due to differences in weed densities but to differences
in total weed control costs.
Nomenclature: Rigid ryegrass, Lolium rigidum Gaud. LOLRI; wild radish, Raphanus raphanistrumL. RAPRA.
Key words: Modeling, weed-crop competition, herbicide resistance, integrated
weed management.

Weed infestations in agricultureusually consist of a number of coexisting weed species. Hence, interactions between
weeds and crops and among weed species should be considered in studies of crop yield loss and in strategies for weed
management (Combellack and Friesen 1992; Poole and Gill
1987). However, experiments with multiple species can be
large and complex, and the analysesrequirethe development
of appropriate mathematical tools (Ball and Shaffer 1993;
Van Acker et al. 1998). Improved modeling capabilities for
multispecies interactions will facilitate a better understanding and management of agriculturalsystems.
In southern Australia, rigid ryegrassand wild radish frequently coexist and are economically important. Both weed
species have been controlled with selective herbicides; however, herbicide-resistant populations are now widespread.
Recent field surveys conducted throughout the wheat belt
of Western Australia established that 70 and 20% of rigid
ryegrassand wild radish populations, respectively,displayed
herbicide resistance (Llewellyn and Powles 2001; Walsh et
al. 2001). Farmers can no longer rely solely on selective
herbicides for effective control of these species but rather
need to combine several herbicide and nonherbicide methods. The management of each weed species has been addressed previously in the single-weed versions of the resistance and integrated management (RIM) model, Ryegrass
RIM (Pannell et al. 2003) and Wild Radish RIM. However,
each species has its own requirements for control, making
it difficult to manage these weeds simultaneously. Hence, a
multispecies version of the bioeconomic RIM model has
been developed to aid users in comparing long-term eco798
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nomic and weed populationoutcomesof differentintegrated managementscenariosfor rigidryegrassand wild radish.
This articledemonstrateshow we haveextendedthe single-speciesRyegrassRIM model to include aspectsof wild
radishbiology as well as the additionalweed management
practicesused to specificallycontrol this weed species.Finally,we illustratethe model behaviorby investigatingthe
implicationsof differentcrop-pasturerotationalsequences
In addition,modelpaand of varyingherbicideavailability.
rametervaluesarerankedand selectedfor use in subsequent
sensitivityanalyses.

The Multispecies RIMModel
MultispeciesRIM is a bioeconomicmodel that simulates
the populationdynamicsof rigid ryegrassand wild radish
overa 20-yr periodwithin a farmingsystem.It is a decision
supporttool designedspecificallyfor the evaluationof various managementstrategiesto controlcoexistingwild radish
and rigid ryegrassin drylandsouthernAustralianMediterranean-typeagriculture.The model includesapproximately
1,140 input parameters,which representin detailthe biology of weeds, crops, and pastureas well as the economics
of agricultural
productionand management.The outputsof
the model are weed densityand profit. In this section,we
give an overviewof the model and show how the original
single-speciesryegrassRIM model (Pannellet al. 2003) has
been modifiedto includea secondweed species,wild radish.
As a bioeconomicmodel, MultispeciesRIM has the po-

1. RIM parameters associated with population dynamics of rigid ryegrass and wild radish (source: team of Western Australian
experts) a

TABLE

Biologicalvariables
Total % germination
% Germination of cohort 1 (before opening rains)b
% Germination of cohort 2 (1-10 d after opening rains)b
% Germination of cohort 3 (11-20 d after opening rains)b
% Germination of cohort 4 (before in-crop herbicides)b
% Germination of cohort 5 (after in-crop herbicides)b
Natural mortality of seedlings (% total seedlings)
Natural mortality of dormant seeds during season (%)
Natural mortality of seeds over summer (%)

Rigid
ryegrass
82
5
38
23
14
2
2
20
30

Wild
radish
30
4
12
8
5
1
2
5
10

a Abbreviation:
RIM, resistanceand integratedmanagement.
b Germination
hererefersto % total initialseed bank,whereasin the RIM modelthesefiguresarescaledto give the % germinationof seedsremaining
in the seed bank.

tential to evaluate IWM systems in all their complexity of
biology, economics, diversity, and time.
This bioeconomic model integrates weed and crop biology and economics of various enterprises over many years
to allow comparison of economic and weed density outcomes of different management scenarios. Multispecies RIM
can be used as a management, hypothesis generation, and
training tool. It is therefore aimed at a wide audience in the
agriculturalfield, including farmers, private consultants, agribusiness agronomists, extension officers, researchers,lecturers, students, and others wishing to understand the management of weeds within cropping-grazing systems.

Weed Biology
Population Dynamics
The growth and mortality of rigid ryegrassand wild radish are representedin RIM according to the following equation based on Gorddard et al. (1996).
W-

Vx G X (1 - Ms) x (1 - Mn) X (1 - Mc) [1]

where W = density of weeds that survive to maturity (plants
m-2); V = viable seeds present at the beginning of a given
year (seeds m-2); G
proportion of initial seed pool that
germinates (%); Ms= proportion of seeds that die naturally
during summer (%); Mn = proportion of germinated seeds
that are killed by nonherbicide control methods (%); and
Mc = proportion of germinated seeds that are killed by
herbicide application (%).
Seeds that remain dormant, and hence do not germinate
(1 - G), either die naturally during the dry and hot summer or survive and add to the following year's seed bank.
Thus, the number of seeds present at the start of each growing season is the sum of the seeds produced in the previous
season and the viable seeds carried over from the previous
years' seed bank.
Evidence suggests that some wild radish seeds vary in dormancy during the growing season (secondary dormancy),
possibly caused by a drop in temperatureat the start of that
period (Cheam 1986). However, as it appears not to be
significant on overall germination, a decision was made not
to represent such a phenomenon in the model.
Table 1 summarizes the default values (adjustable by the
user) of the key model parameters,which drive the dynamics
of weed populations over time. The effects of weed-crop

competition and control practices on seed production are
dealt with in other sections of this article.
Weed-CropCompetition
Several models relating crop yield to the presence of more
than one weed species have been presented in the literature
(Ball and Shaffer 1993; Blackshaw 1986; De Wit 1960;
Firbank and Watkinson 1985; Halse 1986; Hume 1989,
1993; Kiniry et al. 1992; Kropff and Spitters 1991; Pannell
and Gill 1994; Sattin et al. 1996; Street et al. 1985; Swinton
et al. 1994; Trenbath and Stern 1995; Wilkerson et al.
1991). The selection of a multispecies competition approach
for use in the RIM model was based on the following criteria for the reasons indicated:
1. A single-function approach rather than a short-time-step
dynamic simulation model. This decision was taken because a single function is more convenient, faster to
solve, and more compatible with the general approach in
the existing RIM model. It was also found to provide a
good representationof empirical data from a multispecies
weed competition trial with -wheat (TriticumaestivumL.)
(Pannell and Gill 1994).
2. The function should be based on plant densities rather
than on leaf area indices (LAIs). Plant density has some
limitations because it does not account for patchiness
(unless spatially referenced),weed size, or emergence patterns (Parkerand Murdoch 1996). However, advantages
of the density approach are that it relies on readily available data allowing for validity checking, is more practical
for extra data collection, and is more compatible with
the existing RIM model framework than the LAI approach.
3. A function capable of capturing the realistic features of
crop-weed competition. In particular, if crop yield is a
function of weed density, Y = f(W), then the function
should have the following characteristics:
a. dY/dW< 0, for all W
b. d2Y/dW2 > 0, for all W;
c. f(O) = max(Y) = 1, if expressed as a proportion of
maximum yield;
d. the potential to be parameterizedin such a way that
f(w) > 0.

4. Effects of a weed on crop yield may depend on the density of another. Results from studies conducted on the
Monjardino et al.: Multispecies RIM model
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TABLE

2. Parametersused in the multispecies yield-density equations (source: estimations provided by Diggle et al. 1994; Pannell et al.

2003).
SpeciesI

Species2

Species3

Pi

ma

a

k2.1

k3

Wheat
Barley
Canola
Lupins
Ryegrass
Ryegrass
Ryegrass
Ryegrass
Radish
Radish
Radish
Radish

Ryegrass
Ryegrass
Ryegrass
Ryegrass
Wheat
Barley
Canola
Lupins
Wheat
Barley
Canola
Lupins

Radish
Radish
Radish
Radish
Radish
Radish
Radish
Radish
Ryegrass
Ryegrass
Ryegrass
Ryegrass

101-171
129-214
83-117
40-66

1.3
1.4
0.9
1.0
35,000
35,000
35,000
35,000
15,000
15,000
15,000
15,000

11
10
9
7
33
33
33
33
9
9
9
9

0.33
0.3
0.38
0.25
3.0
3.3
2.6
4.0
0.50
0.60
0.67
0.67

2.0
1.7
1.5
1.5
6.0
6.0
4.0
6.0
0.17
0.17
0.25
0.17

-

Mb

0.8
0.8
0.8
0.8

(0.6)
(0.6)
(0.6)
(0.7)

Maximumyield producedwithoutcompetitionis measuredin metrictons ha-' for cropsand seedsm-2 for weeds.
Maximumcropyield lost at high weed densitiesis 80% if only wild radishor both weedscompetewith the crop but it is 60 or 70% if only rigid
ryegrasscompeteswith the crop.
a

b

effects of weed complexes on crop yield (Alex 1970; De
Wit 1960; Haizel and Harper 1973; Kroh and Stephenson 1980; Pannell and Gill 1994) show that competition
in mixtures can vary widely from predictions based on
studies of individual weed species. According to these
authors, at high densities, mixtures of weed species tend
to produce less effect than the sum of their independent
actions (i.e., weed effects interact). Hence, the competitive effect on the crop of two particularweed species in
a mixture is not additive.
5. A function capable of representing different crop plant
densities. Increasing crop densities are a strategic option
aimed to suppress weed growth, and this option is included in the existing RIM framework.
6. High densities of different weeds result in different minimum crop yields. (Pannell and Gill 1994).
The single-weed version of the original of weed-crop
competition function used in the RIM model was first proposed by Firbank and Watkinson (1985) and later modified
by Maxwell et al. (1990) and Diggle et al. (1994). In the
multispecies model version, the expected proportion of crop
yield remaining after weed competition at high weed densities is calculated in Equation 2. It represents the weedy
yield at the chosen seeding rate in competition with rigid
ryegrass and wild radish divided by the weed-free yield at
the standard crop density. The higher the seeding rate, the
higher is the expected crop yield, and hence the higher is
the proportion of weed-free yield with weeds.
mX P1
a + P1 + (k2.1 X P2) + (k3.1 X P3)

xM+ (1 -M)

[2]

where Y= crop yield (as a proportion of the weed-free yield)
(t ha-1); P1 = actual crop density (plants m-2); P2 density
of weed species 1 producing seed (e.g., rigid ryegrass)(plants
P3 = density of weed species 2 producing seed (e.g.,
m-2);
wild radish) (plants m-2), m = maximum yield produced
in the absence of competition (t ha-1), k21 = competition
factor of weed species 1 in the crop (nondimensional), k3.1
= competition factor of weed species 2 in the crop (nondimensional), a = crop background competition factor
(plant density at which yield production is half of its po800
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tential maximum) (plants m-2), and M = maximum proportion of grain yield lost at very high weed densities (%).
Equation 2 includes the elements x M + (1 - A. Without these, the function would fail the criterion concerning
the potential to be parameterized in such a way that the
proportion of yield lost to weeds can remain positive when
the density of weeds tends to infinity (Pannell 1990). The
maximum proportion of yield lost at high wild radish densities (80%) (D. Lemerle, personal communication) is different from that for rigid ryegrass (60% for cereals and canola [Brassicanapus L.] crops and 70% for lupin [Lupinus
angustifoliusL.] crops) (Pannell et al. 2003). This possibility
was the reason for including Criterion 6. However, the selected functional form allows only a single value for maximum yield loss to be represented. Where both weeds are
present, the value for wild radish is assumed to apply.
The fact that wild radish distribution is often patchy,
which has been frequently observed, means that portions of
the field are weed-free, whereas other areas (constrained in
space) have weed patches occurring at various densities.
However, given the significant degree of patch site specificity
(Mortensen and Dielemen 1998) and the persistent nature
of wild radish seed banks (Cheam 1986; Reeves et al. 1981;
Young and Cousens 1999), density, size, and occurrence of
wild radish patches can be highly unpredictable. Moreover,
average crop yield in a situation where wild radish is found
in patches is only slightly higher than yield across a uniform
weed field (Pannell and Bennett 1998). In any case, and
despite the potential reduction in herbicide inputs, farmers
do not currently spray for patches but rather treat the entire
field. Therefore, a decision was made not to representpatchiness in the Multispecies RIM model.
The parametervalues for Equation 2 are shown in Table
2. The parametersfor rigid ryegrasswere derived by Diggle
et al. (1994) and Pannell et al. (2003). The wild radish
parameterswere estimated for the purpose of this study.
The competitive interactions among three species are represented by the competition factors of Species 2 competing
with Species 1 in the presence of Species 3 (k2.1),and Species 3 competing with Species 1 in the presence of Species
2 (k31). Taking the example of wheat, the competitive effect
of rigid ryegrasson wheat in the presence of wild radish is
0.33 (33%), meaning that rigid ryegrass is assumed to be

o
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1. Proportion of wheat yield lost to a combination of rigid ryegrass
and wild radish at standard crop density.
FIGURE

one-third of a wheat plant in terms of competitiveness. A
wheat plant is, therefore, three times more competitive than
a rigid ryegrassplant, so the competitive effect of wheat on
rigid ryegrass in the presence of wild radish is three. Conversely, a wild radish plant is assumed to be twice as competitive as a wheat plant in the presence of rigid ryegrass;
hence, the competitive effect of wild radish on wheat is two
(200%). After the same rationale, the competitive effect of
wheat on wild radish in the presence of rigid ryegrassis 0.5
(50%). Finally, competition between the two weed species
is derived from the previous figures. The competitive effect
of rigid ryegrasson wild radish in wheat results from multiplying the competition factor of rigid ryegrass on wheat
(0.33) by the factor of wheat on wild radish (0.5), which is
one-sixth or approximately 0.17. Thus, the competitive effect of wild radish on rigid ryegrass is 6 (600%) in the
presence of cereals and lupins. However, interweed competition in the presence of canola is assumed to have a lower
competitive factor (four) because of particularly low tolerance of this crop to allelopathic substances produced by wild
radish (not present in canola) J. Moore, personal communication). Using the estimated parameters presented above,
Figure 1 illustrates the proportion of wheat yield remaining
after competition with rigid ryegrass and wild radish coexisting in the same system.
Seed Production
The effect of crop competition on the production of weed
seed is calculated in the Multispecies RIM model by using

an adapted version of Equation 2, where a crop and a weed
compete with the weed species considered. This version also
accounts for cohort structure. The parametervalues used to
calculate weed seed production are shown in Table 2.
Seed production per plant is highest in those plants
emerging in the first cohort, with seed production per plant
decreasing gradually in later-emerging cohorts (Cheam et al.
1998). Plants emerging in later cohorts are suppressed in
growth by the crop and thus have a far smaller impact on
crop yield and seed yield of other coexisting weed species.
In the Multispecies RIM model, weed seed production
by cohort is represented by seed production indices. Rigid
ryegrass seedlings emerging in the first flush (after the first
major seasonal rain event) ultimately produce the maximum
number of seeds (100%) at the end of the growing season.
Relative to the seed production of the first-flush seedlings,
seedlings from the second-emergence flush produce 30% as
much seed. Seedlings from the third-emergence flush produce only 10% as much seeds, and seedlings from the finalemergence flush ultimately produce only 2% as much seeds
(. Moore, personal communication; Pannell et al. 2003).
For wild radish, the proportions of seeds produced are 100,
50, 10, and 2%, respectively,for each cohort. Table 3 shows
the seed production indices of rigid ryegrassand wild radish
plants competing with crops sown at the season-opening
rains, with a 10-d or 20-d delay (Cheam 1986; J. Moore,
personal communication).
Finally, seed production of surviving rigid ryegrass and
wild radish plants may be reduced by the sublethal effect of
selective herbicides. Thus, although these plants survive the
herbicide, their vegetative and reproductive outputs are reduced. In RIM, this is assumed to be 33% of total seed
production (Pannell et al. 2003).

Enterprises
At present, RIM comprises a selection of seven different
enterprises, including four crops: wheat, barley (Hordeum
vulgare L.), canola, and lupins, as well as three types of
pastures for grazing by sheep: subclover (Trifolium subterraneum L.), French serradella (OrnithopuscompressusL. var.
Cadiz), and volunteer pasture (a mixture of native species
and volunteer crops). The sequence or rotation of crops and
pasture over time can be specified by the user. Upon selection of an enterprise, the model calculates the economics of
grain, hay-silage, and livestock-wool production. However,
crop yield can be significantly reduced by weed competition,
with the degree of yield loss directly related to the weed
density (Maxwell et al. 1990; Pannell 1990). In addition,

3. Seed production indices representing seed production by different cohorts of rigid ryegrass(Lr) and wild radish (Rr), relative to
seed produced by the early germinating plants, competing with crops sown at the opening rains, with a 10- or 20-d delay (source: Cheam
1986; J. Moore, personal communication).

TABLE

Time of seeding
Day 0
Weedemergencerelativeto time of cropseeding
Weeds emerging 1-10 d after opening rains
Weeds emerging 11-20 d after opening rains
Additional weeds emerging before in-crop control
Weeds emerging after in-crop control

Day 10

Day 20

Lr

Rr

Lr

Rr

Lr

Rr

1
0.3
0.1
0.02

1
0.5
0.1
0.02

1
1
0.3
0.02

1
1
0.5
0.02

1
1
0.3
0.02

1
1
0.5
0.02

Monjardino et al.: Multispecies RIM model
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short rotations (due to disease) and some control methods
may affect potential crop yield, for example, by delaying
crop seeding or through phytotoxic damage by herbicides
applied in-crop (Schmidt and Pannell 1996). Yield benefits
provided by rotation with legume crops-pasture, green-manured crops, or canola (because of nitrogen fixation and
disease outbreak) also are accounted for. Positive and negative impacts on crop yield are calculated by a series of equations for each crop and phase of the rotation. The example
for wheat (first year) is provided:
WFYW1 = [Mo - Mo x
+ YBP2.1
X (1

-

(YBL.1 + YBc.i + YBP.1

+ YBP3.l

+ YBGM)]

YPDS1O) X (1 -

YPDS20)

X

PTi

[3]

where WFYWI = weed-free yield of first wheat in the rotation; Mo = maximum observed crop yield in the absence
of weed competition; YBL.1 = yield boost of first wheat after
lupins; YBC.1 = yield boost of first wheat after canola;
boost of first wheat after 1 yr of pasture;
YBpj.j1=yield
YBP21 = yield boost of first wheat after 2 successive yr of
pasture;YBP3 1 = yield boost of first wheat after 3 successive
yr of pasture; YBGM = yield boost due to green manuring
in the previous year; YPDS10 = yield penalty due to a delay
in crop seeding of 10 d; YPDS20 = yield penalty due to a
delay in crop seeding of 20 d; and PTi = proportion of
crop not affected by phytotoxic damage.

Weed Control
In the Multispecies RIM model, there are 51 herbicide
and nonherbicide control options available (for more details
on some of the methods, see Pannell et al. 2003): (1) Twenty-six selective herbicides for grass and broad-leaved weeds
(including six mixes), which provide very effective weed
control but result in strong selection pressure for resistance
when applied repeatedly (Powles et al. 1997); (2) Five control options using nonselective herbicides. In spite of their
widespread application, there are only relativelyfew reported
cases of resistance to nonselective herbicides. Powles et al.
(1997) suggest that this is an indication that resistancegene
frequencies for such herbicides are low. As a result, these
herbicides are less prone to the evolution of herbicide resistance and may be used more frequently; (3) Sixteen nonherbicide methods, varying from cultivation and delayed
seeding to seed catching and stubble burning. Grazing during a pasture phase is another important nonherbicide option. Heavily weed-infested crops or pasture can be cut for
hay-silage or used for green manuring; and (4) Four userdefined options (i.e., inclusion of other control methods
other than those already present in the model).
Each control strategy has its own impact on weed mortality and seed set. However, Gill and Holmes (1997),
Gorddard et al. (1996), and Powles et al. (1997) suggest
that not a single method available provides the optimal
management strategy for herbicide-resistantweeds. Instead,
only a combination of a wide range of weed control methods can achieve very effective and sustainable control
(IWM). Because control methods are conducted at different
times, their combined impacts on weed densities are considered to be multiplicative rather than additive (Pannell et al.
802
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2003). Table 4 shows weed control methods included in the
multispecies RIM model for each weed species.
The multispecies RIM model is not a resistance model
because it excludes the genetics of resistance. However, it
evaluates the effects of resistance by allowing the user to
specify the herbicide resistance status of rigid ryegrassand
wild radish with respect to each of nine herbicide mode-ofaction groups. Herbicides with similar modes of action have
been grouped together (Preston 2000). A list of the herbicide mode-of-action groups currently in use in Australia is
shown in the Appendix. Weed control methods included in
the Multispecies RIM model for each weed species are presented in Table 4.
Resistance status for a herbicide group is defined as the
remaining number of applications of herbicides from that
group before the onset of complete resistance. In the case
of broadleafherbicide mixes (of which there are six available
in the model), it is assumed that each application of the mix
changes the resistance status by only one-half of a unit for
each constituent herbicide in the mixture (compared with
one unit for herbicides not applied in a mixture). This assumption is made because of the lower selection pressurefor
each group when a mixture is used (A. Diggle, personal
communication).

Economic Values
The model calculates costs, revenues, profit, and net present value (NPV). It also includes complexities such as tax
and long-term trends on prices and yields. Costs associated
with cropping, pasture, and various weed control options
have been calculated in detail. They account for costs of
input purchases;costs of machinery operation, maintenance,
and repayment; costs of contracting for hay and silage making; and costs of crop insurance. There are also costs of crop
yield loss due to practices such as green manuring and delayed seeding or due to crop grain contamination with wild
radish seeds. Resource degradation costs associated with
some nonherbicide methods such as cultivation and burning
also are represented in the model. Economic returns from
crops are based on grain and hay yields and sale prices.
Economics from pasture enterprises is mainly derived from
gross margin per dry sheep equivalent and stocking rates.
Following Gorddard et al. (1996), annual net profit from
cropping 1 ha is given by:

R = PWX Y- Cn-Ch-

Cf,

[4]

where R = annual net profit; Pw = crop sale price; Y =
crop yield; Cn = cost of nonherbicide control; Ch = cost
of herbicides; and Cf = fixed costs (e.g., fertilizersand transport).
Because the model can be run for 20 yr (T), annual net
profits must be discounted to make them comparable with
the beginning of the period. A real discount rate (r) of 5%
per year is used for this purpose. The sum of discounted
net profits gives the NPV:
tE
+ r)t[]
~~(1
The model does not optimize but is used to simulate a wide
range of potential treatment strategies so that an overall
strategy, which is at least near optimal, can be identified

(Pannellet al. 2003).

4. Weed control methods included in the Multispecies resistance and integrated management (RIM) model for each weed species.
The letters under each weed indicate the enterprisesto which the method is applicable (dashes indicate that the treatment is not an option
for this weed species).
TABLE

Type
Nonselective herbicides

Herbicide
group
M
L
M and L

Selective herbicides

A

B

C

D
F
I
C + I
C + F
I + F
G + I
Nonherbicide methods
(physical, biological)

a Abbreviations:
W, wheat;B,

Weedcontrolmethods
Glyphosate as knockdown and pasture-topping
Paraquat-diquat knockdown
Paraquatas lupins-pasture-topping
2 x knockdown with glyphosate followed by
paraquat-diquat
Diclofop-methyl
Fluazifop-butyl
Clethodim
Other dim for lupins or canola
Chlorsulfuron (pre- and postemergence)
Triasulfuron (pre- and postemergence)
Metosulam
Flumetsulan
Imazethapyr
Imazapic + Imazapyr
Simazine (pre- and postemergence)
Atrazine (pre- and postemergence)
Atrazine + simazine (pre-emergence)
Trifluralin
Diflufenican
2,4-D amine
2,4-D ester
Bromoxynil + MCPAb
Diuron + MCPA
Metribuzin + diflufenican
Bromoxynil + diflufenican
MCPA + diflufenican
Carfentrazone-ethyl+ MCPA
High crop-seeding rate
Tickle, delay seeding 10 d
Tickle, delay seeding 20 d
Year-roundgrazing
High-intensity grazing in spring
Green manuring
Cutting for hay + glyphosate (Group M)
Cutting for silage + glyphosate (Group M)
Swathing
Mowing pasture + glyphosate (Group M)
Seed catching - burn dumps
Seed catching - total burn
Windrowing - burn windrow
Windrowing - total burn
Burning of stubbles-pasture residues
User-defined options at spring and at/after harvest

Rigidryegrass

Wild radish

W, B, C, L, pa
W, B, C, L, P
L, P
W, B, C, L, P

W, B, C, L, P
W, B, C, L, P
L, P
W, B, C, L, P

W, B, C, L, P
C, L, P
C, L, P
L, C
W
W

L, P
C
C, L, P
C
L
W, B, C, L

B
B
B, L
B, P

C
C, L, P
C
L

L

W,
W,
W,
P
P
W,
W,
W,
W,
P
W,
W,
W,
W,
W,
W,

W,
W,
W,
W,

B, C, L, P
B, C, L, P
B, C, L, P
P
P
P
P

B,
B,
B,
B,

C,
C,
C,
C,

L,
L,
L,
L,

B,
B,
B,
B,
B,
B,

C,
C,
C,
C,
C,
C,

L
L
L
L
L, P
L, P

L, P
W, B,
W, B
W, B
W, B,
L
W, B,
W, B,
W, B
W, B,
W, B,
W, B,
P
P
W, B,
W, B,
W, B,
W, B,
P
W, B,
W, B,
W, B,
W, B,
W, B,
W, B,

P

L
P
P
C, L, P
C, L, P
C, L, P
C,
C,
C,
C,

L,
L,
L,
L,

P
P
P
P

C,
C,
C,
C,
C,
C,

L
L
L
L
L, P
L, P

barley;C, canola;L, lupins;P, pasture.

b Abbreviation:
MCPA,2,4-methylchlorophenoxy
aceticacid.

Model Validation

Multispecies competition also requiresfurther research.Sensitivity analysis will facilitate a more focused researcheffort.

Validationof the MultispeciesRIM modelis limited.The
rigid ryegrasssection of the model has undergonea fairly
extensivevalidationprocess,particularlywith regardto inResults and Discussion
put dataand individualfunctions.However,testingof popWe now present and discuss a set of model results to
ulation dynamicsrequiresfurtherwork, which is currently
underway.The wild radishcomponentof the model is val- illustrate the use of the Multispecies RIM model to evaluate
idated less thoroughly,given that only limited relevantre- weed management scenarios. The initial results show the
searchdata are available.Specifically,more data are needed implications of several rotational sequences with different
in the areasof wild radishpopulationdynamics,weed-crop crops-pasture, assuming that the levels of availability of secompetition,and weed control by nonherbicidemethods. lective herbicides are held constant. In the second set of
Monjardino et al.: Multispecies RIM model

*

803

TABLE

5. Choice of crop-pasture rotation sequence and weed control practices over 20 yr.
WWL

Rotationa
Application of Groups A and Bb
Total use of other herbicide
groups
Profitable control options other
than selective herbicides (number of uses)

Weed density (20-yr average m-2)
Equivalent annual profit ($ ha-1)

5A; 5B
35

5A; 5B
36

4A; 5B
40

* Delayed seeding (1)
* High seed rates (19)
* Crop-spray-top (6)
* Swathing (3)
* Seed catch + burn (11)
* Windrow + burn (6)

* Delayed seeding (2)
* High seed rates (19)
* Crop-spray-top (0)
* Swathing (6)
* Seed catch + burn (10)
- Windrow + burn (9)

Rigid ryegrass = 1
Wild radish < 1
137

Rigid ryegrass = 5
Wild radish = 1
114

* Delayed seeding (0)
High seed rates (16)
Crop-spray-top (9)
* Swathing (0)
* Seed catch + burn (10)
* Windrow + burn (3)
* Burning (1)
* Grazing (1)
* High-intensity grazing (2)
Rigid ryegrass = 3
Wild radish = 1
124

a Abbreviations:
W, wheat;L, lupin crop;C,

b See Appendix.

Crop-Pasture Rotation
Table 5 shows results for a range of crop and pasture
rotational sequences. All are for the scenario of 10 applications of selective herbicides of high-resistance risk (a maximum of five applications each for Groups A and B). No
constraints were placed on the use of nonselective herbicides
or nonherbicide methods other than those required agronomically. The first two rotations are continuous cropping
based on wheat, with the last crop differing in each sequence
(lupins and canola). The last rotation is a wheat-wheatlupin sequence with a 3-yr French serradellapasture phase
in Years 9 to 11. Initial weed seed banks were assumed to
be 200 rigid ryegrass seeds and 50 wild radish seeds per
square meter in each case.
WeedControl
As Table 5 shows, all three rotations provide good weed
control. The types of control methods selected for the first
two cropping-only rotations were broadly similar, although
practices like delayed seeding, swathing, seed catching, and
windrowing were slightly less attractivein the lupin rotation.
This happened as a result of six profitable paraquat (Gramoxoneg) applications in the lupin phases, to minimize
weed seed set. Conversely, atrazine was used on canola but
was not selective for use in lupins.
The rotation that included pasture was somewhat different in its mix of control options. The pasture phase allowed
for grazing as an additional weed control method. Sheep
help to control rigid ryegrass and wild radish by grazing
their seeds during summer and grazingvegetative plants during the winter and spring growing seasons. The Multispecies
RIM model includes the option of high-intensity grazing
during winter-spring. The sheep are stocked at a sufficient
intensity to minimize seed set. This option is economically
preferred (compared with standard grazing intensity) in the
last 2 yr of the pasture phase, after establishment of the
sward. In addition, a pasture phase allowed for a glyphosate
*

*
*

canola;P, pasture(Frenchserradella).

results, herbicide availability varies, whereas the enterprise
sequence is unaltered.
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application before weed seed set in every pasture year (pasture-topping) as well as burning of the pasture residues in
the previous year. These weed control practices allowed a
lower reliance on other methods such as delayed seeding,
use of high crop seeding rates, and harvest techniques, all
of which were used less often in the 20-yr period. Finally,
the inclusion of a pasture phase with these extra weed control options made it economically optimal to use fewer applications of selective herbicide (particularly for Group A
herbicides, which were used only four times for the entire
period). No herbicides of Groups A and B were used in any
of the 3 pasture yr, but some Group B herbicides were used
in crops because they were effective on rigid ryegrass and
wild radish.
Profit
Of the two cropping-only rotations, wheat-wheat-lupin
was more profitable. Even though lupins are a less-profitable
crop than canola, they contribute more toward subsequent
wheat profitability.In the model, it is assumed that growing
a lupin crop increases subsequent wheat yield by 30% in
the first year and by 15% in the second year because of the
benefits of nitrogen fixation and several other factors. This
contribution was sufficient in more than making up for the
loss of income that occurred in the year of lupin production.
Despite the model assumption that canola boosts wheat
yield by 20% in the first year because of disease outbreak,
a 15% penalty is included for canola yield in this rotation
as a result of a short 2-yr break between canola crops (Pannell et al. 2003). Figures 2 and 3 further illustrate this. In
Figure 2, the gross margin of wheat is well above $150 ha-1
yr-1 in most wheat years (sometimes above $200 ha-' yr-1)
but low in lupin years. In Figure 3, wheat gross margin is
above $100 ha-1 yr-1 (never above $180 ha-1 yr-1), but
the average is $70 ha-1 yr-1 in canola years. Weed densities
were similar across both rotations.
Figure 4 shows the equivalent graph for the wheatwheat-lupin rotation with a pasture phase in Years9 to 11.
Weed numbers were kept low for most of the period after
a significant early drop in rigid ryegrassdensity. Wheat was
highly profitable after lupins and pasture because it followed
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FIGuRE 2. Annual gross margin ($ ha-') and weed density in crop before
harvest (per square meter) over 10 yr for a wheat-wheat-lupin rotation
with 10 applications of selective herbicides subject to the control options
shown in Table 5.

a legume phase in each case. The cost of pasture establishment was responsible for the negative gross margin in Year
9. The main reason for the lower profitability of this rotation compared with the wheat-wheat-lupin sequence is the
lower assumed returns for livestock production rather than
its biological productivity or effectiveness for weed management. A change in wool or meat markets could alter its
economic performance. Nevertheless, the required increase
in sheep gross margin for the profitability of this rotation
to match that of the most profitable cropping rotation is
high. Multispecies RIM shows that it would need to increase
from $11 to 26 DSE-' yr-1.

Herbicide Resistance Status
Table 6 shows the results of restricting use of selective
herbicides over a 20-yr period. For illustration purposes, use
of selective herbicides of Groups A and B was reduced from
five to zero applications each, i.e., to a scenario of full herbicide resistance. Note that only 9 of the 10 allowable uses
of selective herbicides were included in the strategy because
of profit considerations. No constraints were placed on the
other herbicide or nonherbicide control options (except
those required for sound agronomy). The wheat-wheat-lupin rotation with a 3-yr French serradellapasture phase was
used (the last sequence in the previous section).
For each level of herbicide availability, Table 6 lists the
set of additional control options that are most profitable. It
shows that, as herbicide availability decreased, the optimal
total number of weed control options other than selective
herbicides increased. As herbicide use dropped from nine
(maximum 10) to zero applications over the 20-yr period,
the optimal number of additional nonherbicide control options increased from 42 to 55. Use of nonselective herbicides
also increased slightly from 40 to 41. This reflects the relatively high effectiveness of selective herbicides. A combination of numerous nonselective practices is required to replace them when they are not available.
Multispecies RIM reveals that well-designed, economical
strategies involving less reliance on selective herbicides may
result in approximately the same average density of weeds

Ryegrass

- - - - Wild radish

FIGuRE 3. Annual gross margin ($ ha-1) and weed density in crop before
harvest (per square meter) over 10 yr for wheat-wheat-canola rotation with
10 applications of selective herbicides subject to the control options shown
in Table 5.

as do herbicide-dominated
strategies.Despite the lower efficacyof the alternativecontroloptions, it is economicalin
the long run to combinemethodssuch that high controlof
weeds is achieved.This is supportedby survey resultsin
WesternAustralia,which found hardlyany differencebetweenrigidryegrassdensitiesin fieldswith andwithoutherbicide resistance(Llewellynand Powles2001). Hence, the
economic differencebetween the scenariosis not due to
differencesin weed densitiesbut to differencesin totalweed
controlcosts.These differencesareshown in Table7, where
the equivalentannual profit decreasedfrom $124 to 120
ha-1 when selectiveherbicidesbecamecompletelyrestricted.
Submissionof these resultsto a sensitivityanalysiswould
likely strengthenthe conclusionsdrawnhere.
Sensitivity Analysis
Sensitivityanalysisis used in subsequentmodel applications to explorechangesin many of the model'sparameters
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FIGURE4. Annual gross margin ($ ha-1) and weed density in crop before
harvest (per square meter) over 10 yr for a wheat-wheat-lupin rotation
including a 3-yr pasture phase with 10 applications of selective herbicide
subject to treatments shown in Table 5.
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Consequence of restricting use of selective herbicides over 20 yr for a wheat-wheat-lupin rotation including a 3-yr pasturephase
in years 9-11.

TABLE 6.

Profitable applications of Groups A and Ba
Total use of other herbicide groups
Profitable options other than selective herbicide (number
of uses)

Weed density (20-yr average m-2)
Equivalent annual profit ($ ha-')
a

OA;OB
41
* Delayed crop seeding (9)
*High crop-seeding rates (16)
* Crop-spray-topping (9)
* Swathing (1)
* Seed catching + burning (12)
* Windrowing + burning (4)
* Pasture residues burning (1)
* Grazing (1)
* High-intensity grazing (2)
Rigid ryegrass = 2
Wild radish < 1
120

4A; 5B
40
* Delayed crop seeding (0)
* High crop-seeding rates (16)
* Crop-spray-topping (9)
* Swathing (0)
* Seed catching + burning (10)
* Windrowing + burning (3)
* Pasture residues burning (1)
* Grazing (1)
* High-intensity grazing (2)
Rigid ryegrass = 3
Wild radish = 1
124

See Appendix.

Values and sensitivity index results for parametersof the model (model default values are presented in bold).a
Maximum
Standard
Minimum
value
value
value
Parameters

TABLE 7.

Base weed-free wheat yield (t ha-')
Net sale price of wheat ($ t-1)
Base weed-free lupin yield (t ha-1)
Net sale price of lupins ($ t-1)
Wild radish initial seed density (seeds m-2) (Ryegrass = 0)
Interweed competition
Sheep gross margin ($ DSE-1 ha-1)

0.6
140
0.5
120
25
3
11

1.3
180
1
170
100
6
20

Lupins crop-topping efficacy on wild radish (%)
Rigid ryegrassinitial seed density (seeds m-2) (wild radish = 0)

40
100

60
400

20
5
7
85
20
70
2
0
2.42
5
2
8.8
1
0.12
0
20
90
50
- 20
- 20
5
70
2
2
50
70
40-50
2
200
10
0

30
10
8.9
90
30
80
5
5
4.42
9.96
4.91
11.8
3
0.32
5
22.92
95
70
0
0
10
80
5
5
60
80
60-6 8

Wild radish annual germination (%)
Wild radish mortality over summer (%)
Cost of wheat seed ($ ha-1)a
Chlorsulfuron control efficacy (%)
Rigid ryegrassmortality over summer (%)
Lupins crop-topping efficacy on rigid ryegrass(%)
Real discount rate (%)
Chlorsulfuron phytotoxicity on wheat (%)
Price of 2,4-D amine ($ L-1)
Price of paraquat ($ L-)
Price of simazine ($ L-)
Cost of lupin seed ($ ha-I)a
French seed price ($ kg-1)
Cost of diesel ($ L-1)
Phytotoxic lupin yield loss from simazine (%)
Price of diclofop-methyl ($ L-1)
Glyphosate control efficacy (%)
Trifluralincontrol efficacy (%)
Rigid ryegrassseed production per cohort (% change)
Wild radish seed production per cohort (% change)
Wheat yield penalty from delayed seeding (%)
Rigid ryegrassannual germination (%)
Rigid ryegrassseedling mortality (%)
Wild radish seedling mortality (%)
Maximum yield lost to rigid ryegrassat high density (%)
h density (%)
Maximum yield lost to wild radishhat
Seed catch % control (burn dumps-total burn)
Tickle + delayed seeding % control
Price of chlorsulfuron ($ kg-')
Phytotoxic lupin yield loss from paraquat (%)
Pasture grazing radish control (% change)
a

Includingdressing,cleaning,
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5
250
15
+ 10

2
220
1.5
220
400
9
30
80
1,600
40
20
11
95
40
90
10
9
6.42
15
6
14.8
5
0.52
10
26
99
90
+ 20
+ 20
15
90
10
10
70

90
70-80
10
300
20
+ 20

Sensitivity
index
1.52
0.70
0.34
0.23
- 0.18
-0.15
0.12
0.08
- 0.06

- 0.06
0.05
- 0.04
0.03
0.02
0.02
- 0.02
- 0.02
- 0.02
- 0.02
- 0.02
- 0.02
-0.02
- 0.02
- 0.02
0.01
0.01
0.01
- 0.01
- 0.01
- 0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00

and assumptionsthat aresubjectto uncertaintyor to change
overtime and space.The overallapproachis consistentwith
Pannell's(1997) StrategyB for sensitivityanalysis,which
involves:(1) Identificationof those parametersmost subject
to uncertaintyor change;(2) Selectionof minimum,maximum, and standardvaluesfor each of theseparameters;
(3)
of reUse of sensitivityindicesto assessthe responsiveness
sults to parameterchangeswithin the rangesselectedin (2);
and (4) Design and conductof a modelingexperiment,followed by a completefactorialexperimentfor a subsetof the
most sensitiveparameters.

proposed by Hoffman and Gardner (1983) (who used Pma,
instead of Ps,). In his detailed comparison of 14 sensitivity
indices (relative to a composite index based on 10 of them),
Hamby (1995) reached the conclusion that Hoffman and
Gardner's simple index outperformed the more complex
ones.
The ranking of the sensitivity indices allowed for selection
of the most important parametersfor further detailed analysis in subsequent model applications (not included). Parameterswere grouped into those with an absolute sensitivity index value equal to or greaterthan 0.1 that corresponded to a significant impact on the outcome of the model (at
least $1 ha-I for 20 yr), therefore driving management
UncertainParameters
choices. Seven parameters fitted this profile (above the
Selectionof the parametersand theirvaluerangesfor the dashed line). At the top of the list were the weed-free yield
sensitivityanalysiswas based on previousstudies (Bennett and the net sale price for wheat, followed by the same paand Pannell 1998; Gorddardet al. 1995; Pannell 1995), rameters for lupins. The model was also responsive to varresultsof plantgrowthmodels(e.g.,AgriculturalProduction iation of biological parameters,particularlywild radish iniSimulation,which provideda higher value for interweed tial seed density and interweed competition. Sheep gross
competition),discussionswith weed scientists,and expec- margin had an obvious effect on the profit of weed mantationsof model behavior.Forexample,in his articleon the agement strategies including pasture. Model response to all
implicationsof riskaversionfor decisionson herbicideuse, other parameterslisted in Table 7 was considered relatively
Pannell (1995) considereda range of uncertaincrop and low. However, the next two highest parametersin the rankweed parameters.He found that althoughthe weed-related ing (rigid ryegrassinitial seed density and efficacy of cropvariableshad little impacton a risk-aversefarmer,the most topping on wild radish) were still considered important for
importantsourceof riskwas weed-freeyield.
further analysis, despite an absolute sensitivity index lower
In this study,a broadrangeof uncertainparameters
was than 0.1. This decision was based on the expected impact
evaluated. These included crop-relatedparameters(e.g., of rigid ryegrass density in most scenarios and on the imweed-freeyield, yield penalties,and phytotoxicity),weed- portance of investigating the effect of at least one weed conrelatedparameters(e.g., initial seed densities,annual seed trol method on model results. Hence, the nine top-ranked
bank decline, mortality,seed production,and competitive- parameters (above the solid line in Table 7) were selected
ness), efficaciesof severalcontrol practices,and economic for further analysis in subsequent model applications.

parameters(e.g., net sale prices of crops, seed prices,herbicide prices,sheep grossmargin,dieselprice,and discount
rate).A list of the 40 uncertainparameters
selectedand their
valueranges(minimum,standard,and maximum)is shown
in Table7.

SensitivityIndices
On the basisof the rangeof valuesdefinedfor each parameter,a sensitivityindex was calculatedto provideinformationaboutthe relativesensitivityof resultsto thatparameter (Equation6). This was done for one weed management
scenario:a wheat-wheat-lupinrotationmarkedby a 3-yr
Frenchserradellapasturephase in Years9 to 11, with five
herbicideapplicationsfor GroupsA and B (each),and initial
weed seed densitiesof 200 rigidryegrassand 50 wild radish
seeds per squaremeter.Sensitivityindices of the same parameterswerecalculatedfor a differentscenarioincludinga
second pasturephase, but in most casestheirvaluesvaried
only slightlyor not at all, so resultsare not presentedhere.
Table7 shows the selectedparametersrankedaccordingto
the absolutevalue of the followingsensitivityindex (I):
I = (Pmax- Pmin)

[6]

st

where Pmax= annual equivalentprofit of the weed management strategy when the parameter in question is set at
its maximum value; Pmin =annual equivalent profit given
the minimum parametervalue; and PSt annual equivalent
profit for the standard value.
The sensitivity index used here is very similar tO that
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APPENDIX.

Resistance
risk
High

Moderate

Low

Australian classification of herbicides by mode of action (source: Preston 2000).
Herbicide
group

Principalmode of action

Chemicalfamilies

A

Inhibitors of acetyl CoA carboxilase

B

Inhibitors of acetolactate synthase

C

Inhibitors of photosynthesis at Photosystem II

D
E

Inhibitors of tubulin formation
Inhibitors of mitosis

F

Inhibitors of carotenoid biosynthesis

G

Inhibitors of protoporphyrinogen oxidase

H
I

Inhibitors of plastoquinone biosynthesis
Disruptors of plant cell growth (hormone mimics)

J

Inhibitors of cell-wall synthesis
Herbicides with diverse sites of action

K
L
M
N
0

Disruptors of photosynthesis at Photosystem I
Inhibitors of 5-enolpyruvylshikimate-3phosphatesynthase
Inhibitors of glutamine synthase
Uncouplers of energy transfer

Aryloxyphenoxypropanoates,cyclohexanediones
Sulfonylureas,imidazolinones, triazolopyrimidines, pyrimidinyl(thio)ethers
Triazines, triazinones, phenylureas, nitriles,
benzothiadiazoles, acetamidasuracils,pyridazinones, phenylpyridazines
Dinitroanilines, pyridazines
Carbamates, thiocarbamates,organophosphates
Nicotinanilides, triazoles, pyridazinones, isoxazolidinones
Diphenyl ethers, oxadiazoles, N-phenylphthalimides
Triketones
Benzoic acids, phenoxys, pyridine carboxylic
acids
Benzamides, dichlobenil
Aminopropanoates, benzofurans, chloroacetamides, nitriles, phenylcarbamates,phthalamates, quinoline carboxylic acids
Bipyridyls
Glyphosate, sulfosate
Glufosinate
Organoarsenicals

Monjardino et al.: Multispecies RIM model
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